Abstract. Wildfires represent a major source for aerosols impacting atmospheric radiation, atmospheric chemistry and cloud micro-physical properties. Previous case studies indicated that the height of the aerosol-radiation interaction may crucially affect atmospheric radiation, but the sensitivity to emission heights has been examined with only a few models and is still uncertain. In this study we use the general circulation model ECHAM6 extended by the aerosol module HAM2 to investigate the impact of wildfire emission heights on atmospheric long-range transport, black carbon (BC) concentrations and atmospheric radiation. We simulate the wildfire aerosol release using either various versions of a semiempirical plume height parametrization or prescribed standard emission heights in ECHAM6-HAM2. Extreme scenarios of near-surface or free-tropospheric-only injections provide lower and upper constraints on the emission height climate impact. We find relative changes in mean global atmospheric BC burden of up to 7.9 ± 4.4 % caused by average changes in emission heights of 1.5-3.5 km. Regionally, changes in BC burden exceed 30-40 % in the major biomass burning regions. The model evaluation of aerosol optical thickness (AOT) against Moderate Resolution Imaging Spectroradiometer (MODIS), AErosol RObotic NETwork (AERONET) and Cloud-Aerosol Lidar with Orthogonal Polarization (CALIOP) observations indicates that the implementation of a plume height parametrization slightly reduces the ECHAM6-HAM2 biases regionally, but on the global scale these improvements in model performance are small. For prescribed emission release at the surface, wildfire emissions entail a total sky top-of-atmosphere (TOA) radiative forcing (RF) of −0.16 ± 0.06 W m −2 . The application of a plume height parametrization which agrees reasonably well with observations introduces a slightly stronger negative TOA RF of −0.20 ± 0.07 W m −2 . The standard ECHAM6-HAM2 model in which 25 % of the wildfire emissions are injected into the free troposphere (FT) and 75 % into the planetary boundary layer (PBL), leads to a TOA RF of −0.24 ± 0.06 W m −2 . Overall, we conclude that simple plume height parametrizations provide sufficient representations of emission heights for global climate modeling. Significant improvements in aerosol wildfire modeling likely depend on better emission inventories and aerosol process modeling rather than on improved emission height parametrizations.
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climate-related changes in carbonaceous aerosol concentrations is very limited Kinne et al., 2006; Koch et al., 2009) . Important sources of bias could be identified to arise from large uncertainties in the fire emission inventories, improper transport mechanisms and removal processes (Bond et al., 2013; Schwarz et al., 2013) . Long-range transport and removal processes of biomass burning aerosols in turn depend to some extent on the emission heights. Samset et al. (2013) published a comprehensive comparison of 12 global aerosol models in the framework of the Aerosol Comparisons between Observations and Models (AEROCOM) project. The authors found that most of the AEROCOM models attribute more than 40 % of the BC radiative forcing (RF) to altitudes higher than 5 km, although only 24 % of the BC mass is found above 5 km. Thus, the vertical emission distribution at the time of the wildfire emission release can be identified as a key parameter for the overall radiative impact of wildfire emissions.
In former studies the terms "fire emission heights", "injection heights", "plume-top heights" and "plume heights" have been equally used to describe top heights of wildfire emission injections and the subsequent vertical distributions. In this study, we propose the term "plume height" to describe the maximum altitude above the surface at which emissions are released (e.g., prescribed, or calculated by a plume height parametrization). The term "emission height" implies the complete vertical emission distribution from the surface to the top of the smoke plume.
Although advanced emission height models are available for implementation in global circulation models (e.g., Luderer et al., 2006; Freitas et al., 2007; Rio et al., 2010) , there is an ongoing discussion about which degree of complexity in emission height parametrization is required for global Climate Modeling. Due to a lack of observational plume height data sets of global coverage, our knowledge regarding appropriate emission height parametrizations for specific global modeling applications is largely based on short-term or regional studies. By application of inverse Lagrangian modeling techniques, the early studies of Liousse et al. (1996) , Wotawa and Trainer (2000) and Spichtinger et al. (2001) found the best matches of modeled aerosol transport to observations for emission distributions between 0 and 2, 0.5 and 3, and 3 and 5 km for BC, CO and NO x concentrations, respectively. Chen et al. (2009) showed that emission heights are substantially more important for BC than for trace gases, which questions the general transferability of the results from trace gas studies to BC. Other studies provided good agreement of model simulations with observations for an emission release between the surface and the planetary boundary layer (PBL) height as well as a fixed height of 1.2 km (Wang et al., 2006; Matichuk et al., 2007) . While Jian and Fu (2014) found a large sensitivity of BC concentrations on the emission heights, Colarco (2004) demonstrated that the differences between a near-surface emission release and a release between 2 and 6 km are small for convective atmospheric conditions. Chen et al. (2009) used the GEOS-CHEM model with Global Fire Emission Data Base 2 (GFED2) emissions to simulate the smoke transport from North American forest fires. The authors found the best overall model performance for a scenario of 40 % emissions injected into PBL and 60 % emissions injected into the free troposphere (FT). For a study by Stein et al. (2009) , in one case PBL injections performed best, whereas in another case plume heights up to 3 km were necessary to reproduce observations. Gonzi et al. (2015) applied a modified version of the 1-D plume model by Freitas et al. (2007) , Moderate Resolution Imaging Spectroradiometer (MODIS) fire radiative power (FRP) and fire size to simulate global CO concentrations in GEOS-Chem for the year 2006. The authors compared modeling results to MOPITT (Measurement of Pollution in the Troposphere) satellite data, but it turned out that the particular emission height impact on the overall bias was not quantifiable. Overall, modeling as well as observational studies (e.g., Diner et al., 2008; Val Martin et al., 2010; Ichoku et al., 2012) indicate that wildfire plume heights are highly variable on the global scale. While Freitas et al. (2007) , Rio et al. (2010) and others demonstrated a reasonable performance for their specific plume height parametrizations in particular case studies; other authors including Val Martin et al. (2012) and Goodrick et al. (2012) presented results that showed a poor to moderate performance of all these models on the global scale.
In summary, our knowledge about both, an appropriate implementation of emission heights in global climate models as well as the impact of the emission heights on aerosol longrange transport, atmospheric radiation and other climate variables is very limited. In the first part of this two-paper series (Veira et al., 2015) , we presented globally simulated plume height patterns. Through a comparison of simulated plume heights to observations from the Multiangle Imaging Spectroradiometer (MISR) Plume Height Project (MPHP) data set, we evaluated the performance of different plume height implementations. The best agreement of model results to observations was found for a modified version of the Sofiev et al. (2012) plume height parametrization (modeled global mean plume heights 1411 ± 646 m, observed mean global plume heights 1382±702 m). Only 5.2±1.0 % of all daytime plumes were injecting emissions into the FT. On average, plume heights simulated by the semi-empirical parametrization are 1.1-2.0 km lower than prescribed standard plume heights in ECHAM6-HAM2. Based on the simulations introduced in Veira et al. (2015) -Does the diurnal cycle of fire intensity and emission release enhance, dampen or change the sign of the averaged climate response?
-How might a future increase in fire intensity and emissions influence plume heights and radiation?
-What degree of complexity in plume height parametrization is required to capture the emission height impact on aerosol long-range transport and atmospheric radiation in global climate models?
A comprehensive comparison of modeled aerosol optical thickness (AOT; also referred to as aerosol optical depth, AOD) to observational data sets from the Maritime Aerosol Network (MAN), the AErosol RObotic NETwork (AERONET), the MODIS and the Cloud-Aerosol Lidar with Orthogonal Polarization (CALIOP) gives us an independent constraint on an adequate choice of plume height parametrizations for climate modeling applications. The next section introduces our model setup, the different plume height implementations and the observational data sets used for model evaluation. In the "Comparison of model results to observations" section, the impact of the wildfire emission heights on BC concentrations, deposition rates and radiation is analyzed. Furthermore, we present regional time series and statistical analysis on the model performance. The conclusions section summarizes our results and provides suggestions for future implementations of plume height parametrizations in climate and Earth system models based on our findings.
Methodology: simulations setup

ECHAM6-HAM2
The aerosol-climate modeling system ECHAM6-HAM2 is an extension of ECHAM6, the atmospheric component of the Max Planck Institute Earth system model (MPI-ESM) . ECHAM6-HAM2 predicts the evolution of micro-physically interacting aerosol populations, their size distribution and composition (Stier et al., 2005; Zhang et al., 2012) . For all our simulations, we use model version ECHAM6.1.0-HAM2.2. We apply a spatial grid of approximately 1.875
• × 1.875 • (T63) and a temporal resolution of 600 s. The 47 vertical layers range from the surface to 0.01 hPa. To allow for appropriate comparisons of the wildfire RF, the model is nudged against observational data every 6 h by relaxation of the prognostic variables to ERAInterim reanalysis fields (Dee et al., 2011) . The aerosol module HAM2 employs a superposition of seven lognormal distributions which describe the nucleation, Aitken, accumulation and coarse modes. Besides dust, sea salt and sulfur emissions from natural and anthropogenic sources, the model also simulates the emission and transport of carbonaceous matter from anthropogenic sources and wildfires.
Wildfire emissions are represented by three species in the ECHAM6-HAM2 model: BC, organic carbon (OC) and sulfur dioxide (SO 2 ). For details on the implementation of sedimentation, wet and dry deposition, thermodynamics and aerosol micro-physics parametrization, see Stier et al. (2005) . A detailed assessment of the processes which drive the evolution of aerosol mass and number concentrations is described in Schutgens and Stier (2014) . Calculations of aerosol optical properties are based on Mie theory for 24 solar spectral bands and provide single scattering albedo, extinction cross section and asymmetry factors. These parameters in turn serve as input for radiation calculations by the ECHAM6 radiation scheme Stevens et al., 2013) . Aerosol-cloud interactions are represented by a two-moment cloud micro-physics scheme that is coupled to the aerosol micro-physics (Lohmann et al., 2007) . Overall, we carry out nine ECHAM6-HAM2 simulations with different emission height implementations for 8 years (2004-2011) which will be described in the next two sections. The year 2004 is used for the spin-up of the model and therefore excluded from our analysis.
Emission data sets
In the standard release of ECHAM6-HAM2, AEROCOM phase 2 wildfire emissions are implemented. These emissions are based on GFEDv2 data multi-year monthly means of the years 1997-2008. GFEDv2 emissions are derived from burnt area observations and do not provide any information on wildfire intensity. As fire intensity is a key input parameter required for plume height parametrizations, the AEROCOM emission data set within the standard ECHAM6-HAM2 model does not represent an appropriate framework to study wildfire emission heights. In contrast to GFED, the Global Fire Assimilation System (GFASv1.1) uses FRP retrieved from MODIS satellite observations to estimate fire emissions from the year 2000 to present. GFAS applies land-cover-specific emission factors to calculate combustion rates and fills observational gaps by use of a Kalman filter. With consistent aerosol emission and fire intensity information, GFASv1.1 provides an appropriate input data set for our simulations. Kaiser et al. (2012) found that GFAS emissions implemented in the global circulation model ECMWF are only able to reproduce AOT observations in a reasonable way, if global GFAS wildfire emissions are multiplied by a global factor of 3.4. This zero-order approximation also provided reasonable global modeling results in studies by Huijnen et al. (2012) and von Hardenberg et al. (2012) well as ECHAM5-HAM1. Basically, the underestimation of AOT in GFAS and other bottom-up inventories could have various reasons including an underestimation of emission fluxes (e.g., due to underestimation of wildfire emission factors or burned area as well as FRP) as well as shortcomings in the representation of aerosol micro-physics in the model (impacting aging and removal rates). It would be highly desirable to investigate the reasons for the required factor of 3.4 in more detail in a future study. We apply the GFASv1.1 emission data set for eight out of nine simulations, but we also run one simulation with the standard AEROCOM wildfire emissions to provide a reference which is comparable to other ECHAM6-HAM2 studies. As the global annual emission fluxes of GFAS and AERO-COM show mean differences of less than 9.2 % for BC and 4.4 % for OC, we decided to apply the 3.4 factor not only to GFAS but also to AEROCOM wildfire emissions. For both, AEROCOM as well as GFAS simulations, wildfire emissions are represented by the emission species BC, OC and SO 2 .
In addition, we run one "NO-WILDFIRES" scenario for which wildfire emissions are completely switched off to calculate the overall wildfire emission impact on radiation. Table 1 provides a summary of all plume height parametrizations used in this study. Based on the large range of emission height implementations in the literature, we apply first the most extreme and unrealistic scenarios for our sensitivity study: on the one hand the experiment "SURFACE" simulates a wildfire emission release into the lowest and second lowest model layer (approximately 30-150 m above the surface). Thus, this simulation provides the lower limit of the emission height radiative impact due to fast removal of the aerosols close to the surface. Wildfire emissions in simulation SURFACE were chosen to be distributed into the two lowest model layers instead of the surface layer only, because in preliminary test runs prior to this study, very intense wildfire emission releases concentrated at one specific model layer resulted in model instabilities, presumably due to radiative imbalance. On the other hand a simulation of purely free-tropospheric emission release (FT) serves as an unrealistic upper constraint of the emission height climate impact.
Emission height parametrizations
In the standard version of ECHAM6-HAM2.2, plume heights for all wildfires are prescribed as the PBL height plus two model layers:
If the PBL height exceeds 4 km, H p is set to a PBL height. We use this implementation as a reference simulation "HAM2.2-GFAS". For a more appropriate representation of wildfire emission heights in ECHAM6-HAM2, we implemented the semi-empirical plume height parametrization introduced by Sofiev et al. (2012) , henceforth also referred to as "Sofiev Parametrization" (SP) . In contrast to the standard emission heights in ECHAM6-HAM2, the SP takes into account the total FRP of a fire P f as well as atmospheric stability (BruntVäisälä frequency of the atmosphere N) and PBL height H PBL to predict fire emission heights:
For more details on the SP, a description of the normalizing constants N 0 and P f0 as well as the tuning parameters Veira et al. (2015) and Sofiev et al. (2012) . Overall we carry out five simulations with different implementations of the SP: the original and most simple one-step model as described in Sofiev et al. (2012) called "SOFIEV-ORIGINAL", one simulation with additional application of a diurnal cycle in fire emissions and FRP called "SOFIEV-DCYCLE" and one simulation which applies a diurnal cycle as well as a tuning of high plumes "SOFIEV-MODIFIED". Simulation SOFIEV-MODIFIED represents the plume height parametrization which provides the best agreement to global plume height observations (see Veira et al., 2015) . A hypothetical future scenario with a doubling in FRP and emissions, "SOFIEV-2X-EMISSIONS-FRP", enables a comparison of the impact of changes in emission fluxes and emission heights. We assume the BC/OC/SO 2 emission ratios for simulation SOFIEV-2X-EMISSIONS-FRP to be constant and apply BC/OC/SO 2 ratios provided by GFASv1.1. The last simulation "SOFIEV-TOP-INJECTION" is run to test the influence of the vertical emission distribution.
Vertical distribution of wildfire emissions
Besides the plume heights which describe the maximum level of emission injection above the surface, one has to make assumptions on the vertical distribution of the emissions from the surface to the plume height. For all SOFIEV simulations, we distribute emissions from the surface to the top of the plume with a constant mass mixing ratio. Simulation FT also applies a constant mass mixing ratio from the PBL height to the first level below the tropopause. In the simulation SURFACE, all wildfire emissions are injected into the first two model layers approximately 30-150 m above the surface. HAM2.2-AEROCOM and HAM2.2-GFAS use the vertical emission distribution prescribed in the standard HAM2.2 model with a fraction of 25 % of the emissions to be injected into the free troposphere (in the two levels just above the PBL). The remaining 75 % of the emissions are distributed from the surface to the PBL height with constant mass mixing ratio. Vertical emission distributions with constant mass mixing ratios have been used in most former global aerosol modeling studies even in case of more advanced plume models, e.g., Freitas et al. (2007) . Our knowledge about the global variability of vertical emission distributions is even more limited than our knowledge about the plume heights. However, Luderer et al. (2006) and Fromm et al. (2010) showed in modeling, as well as observational case studies, that rare but extraordinarily high injections might emit a large fraction of the emissions into the upper part of the plumes. To account for this, we perform one sensitivity study, in which we emit 50 % of the total emissions into the uppermost layer of the plume and we distribute the remaining 50 % uniformly (constant mass mixing ratio) into the model layers below (SOFIEV-TOP-INJECTION).
Observational data sets for model evaluation
For evaluation of the ECHAM6-HAM2 model performance, vertically resolved and integrated AOT values are compared to observations from AERONET, MODIS, MAN and CALIOP. The AERONET program (Holben et al., 1998 ) is a ground network of sun photometers that provides longterm continuous AOT measurements based on the attenuation of direct solar radiation. These AOT measurements are estimated to have errors of ≈ 0.015 Schmid et al., 1999) and are considered some of the most accurate aerosol observations we have. In this study, we use AERONET AOT which was averaged over 6 h, every 6 h.
The MAN is an integrated component of AERONET and includes data from ship cruises since the end of 2004 . It is based on hand held Microtops II sun photometers with five spectral channels ranging from 320 to 1020 nm providing data for spectral AOT. The MAN data set has limited spatial and temporal coverage due to the limited number of ship cruises which collected data (about 1700 individual days of measurements between November 2006 and March 2010).
In addition to AERONET data, spectral radiance measurements from the two MODIS sensors aboard the Aqua and Terra satellites are used to monitor AOT with a wide spatial coverage. MODIS AOT values are calculated by retrieval algorithms based on lookup tables for different particles which depend on scattering geometries (Tanre et al., 1997) . Error estimations of MODIS AOT retrievals have been investigated by comparison with ground-based AERONET (e.g., Remer et al., 2005; Bréon et al., 2011) and MAN observations (e.g., Adames et al., 2011; Smirnov et al., 2011; Schutgens et al., 2013) . Here we use the Naval Research Laboratory (NRL) L3 Shi et al., 2011) data that are derived from MODIS L2 observations through additional quality checks and empirical correction formulae. Both, the Aqua as well as the Terra NRL L3 data, are 1 • by 1 • aggregates, available every 6 h. MODIS observations do provide a far wider spatial coverage than AERONET, but uncertainties are significantly larger. For the quantitative analysis of the plume height parametrization, we restrict our considerations to six major biomass burning regions: boreal North America, temperate North America, Siberia, the Amazon area and neighboring regions, Congo and the African outflow to the tropical Atlantic ( Fig. 1) . Vertically resolved information of AOT is provided by the CALIOP on board the CALIPSO satellite which was launched in June 2006 to acquire global aerosol profile data between 82 • N and 82 • S (Winker et al., 2010) . CALIOP provides backscatter profiles at a vertical resolution of 30 m (below 8.2 km) as well as 60 m (between 8.2 and 20.2 km). Vertical aerosol extinction profiles are calculated at 1064 and 532 nm . CALIOP vertical AOT profiles have a good global coverage, but the uncertainties in individual AOT profiles are known to be large due to uncertainties in lidar ratios (e.g., Campbell et al., 2013; Winker et al., 2013) . There is a tendency of CALIOP to underestimate low AOT values and the lowest 1.4 km are not reasonably captured. The gridded CALIOP level 3 data have been shown to provide more accurate AOT values than level 2 data because of an improved retrieval algorithm for the lowest 1.4 km (Kacenelenbogen et al., 2011; Redemann et al., 2012) . Therefore, in this study, we apply multi-annual monthly means of level 3 data for 2006-2011 and restrict our analysis to relative vertical AOT profiles. For our analysis, we use only complete CALIOP vertical profiles without missing individual layers. Absolute AOT values are vertically averaged to 0.5 or 1.0 km layers for our comparison to ECHHAM6-HAM2 model simulations.
In contrast to the spatially and temporally collocated MODIS, AERONET and MAN data of 6 hourly resolution, which we use for the comparison of total AOT to ECHAM6-HAM2 simulations, CALIOP level 3 data are only available in monthly temporal and 2 • × 5 • (latitude × longitude) horizontal resolution. Therefore, the introduced errors in the CALIOP model-observations comparison are a priori larger for the CALIOP data then for MODIS, AERONET and MAN data. On the other hand CALIOP is the only data set which provides vertically resolved AOT profiles of global coverage.
The impact of changes in fire emission heights on BC burdens, concentrations and deposition rates
Differences in emission height parametrizations can be expected to cause differences in the vertical and horizontal transport of the wildfire emissions. To quantify these changes in global aerosol transport, we assess regional and global changes in BC burdens, vertical concentration profiles and deposition rates. We analyze 7 years of model simulations (2005) (2006) (2007) (2008) (2009) (2010) (2011) for the nine emission height scenarios provided in Table 1 .
BC burdens
Global mean values of the atmospheric BC and OC aerosol burdens for all individual experiments are presented in Table 2. As the patterns of changes in OC concentrations and deposition rates are very similar to the changes in BC, we limit our detailed analysis to BC. Changes in SO 2 are not discussed in this paper as SO 2 emissions from wildfires contribute only about 5 % to the overall SO 2 emissions. Table 2 also reports the range of plume heights simulated in the individual experiments. Global plume height patterns are discussed in detail in Veira et al. (2015) . All global mean values provided in Table 2 are complemented by more detailed and region-specific discussions within the next three sections. Note that all uncertainty estimates in Figure 2 illustrates the global relative changes in BC burden for the individual experiments compared to the standard ECHAM6-HAM2 setup (simulation HAM2.2-GFAS). For the various implementations of the Sofiev plume height parametrization (SOFIEV-ORIGINAL, SOFIEV-DCYCLE, SOFIEV-MODIFIED, SOFIEV-TOP-INJECTION; see Fig. 2a-d) , the global patterns of changes in BC burden are very similar in the tropics and subtropics. While an increase in BC burden is observable close to the source regions, the implementation of the plume height parametrization introduces a reduction in BC burden far from the source regions. The simulated changes in BC burden can be attributed to a decreased aerosol long-range transport. The application of a diurnal cycle (SOFIEV-DCYCLE) which increases the height of daytime plumes, and a more realistic representation of deep emission injections (SOFIEV-MODIFIED), introduce only marginal changes in BC burden. In the TOP-INJECTION scenario, which injects 50 % of the emissions into the highest emission layer, the sign of the relative changes in BC burden compared to simulation HAM2.2-GFAS changes in boreal regions. The higher burdens can be attributed to the importance of strong boreal forest fire events which emit significant fractions of the emissions into the FT. Although the majority of emission injections in the SOFIEV simulations are injecting below the HAM2.2-GFAS emission heights, a small fraction of strong emission events simulated by the Sofiev parametrizations exceeds the HAM2.2-GFAS maximum emission heights of PBL height + two model layers (see Veira et al., 2015) . The comparison of simulations SOFIEV-ORIGINAL, SOFIEV-DCYCLE and SOFIEV-MODIFIED shows that the changes in BC burden introduced by the application of a diurnal cycle and more realistic deep plumes are rather small on the global scale. Simulation SURFACE, the extreme scenario of pure near-surface emission injections, provides an estimate of the lower limit of the global BC burden (Fig. 2e) . For the near-surface emission injections, residence times and therefore also BC burdens are increased in the vicinity of the sources, while long-range transport is generally reduced. The negative relative changes in BC burden are more pronounced in the Southern Hemisphere and range from 10 to 25 %.
Global mean relative changes in BC burden introduced by the replacement of prescribed emission heights in HAM2.2 by the implementation of various versions of the Sofiev plume height parametrization range between −2.6 and −4.8 % for BC and −2.7 and −5.5 % for OC. For the SUR-FACE scenario, global BC and OC burdens are reduced by −7.9 % and −8.9 %, respectively. These changes are remarkably small due to the fact that median global plume heights between these simulations range from about 0.15 km for the SURFACE simulation to 2.7 km for the HAM2.2-GFAS prescribed plume heights (see Veira et al., 2015) . Consequently, these results indicate that the vertical mixing in ECHAM6-HAM2 acts very efficiently in the lower troposphere.
The extreme and unrealistic scenario of purely freetropospheric injections shows an increase in BC burden over Antarctica by more than 20 times (see Fig. 2f ). BC burdens in simulation FT are dominated by long-range transport rather than the emission sources. Because of the proportionately higher fraction of wildfire emission to the overall BC burden in the Southern Hemisphere, the relative changes in BC burden in these regions are more sensitive to plume height changes. The scenario of a doubling in FRP and fire emissions (Fig. 2g ) entails an increase in atmospheric BC burden which largely exceeds the changes of the other simulations except the unrealistic FT scenario. In scenario SOFIEV-2X-EMISSIONS-FRP, which assumes a doubling in FRP and wildfire emissions corresponding to an overall increase in total BC emissions by 56.7 %, the global BC burden is non-linearly enhanced by 38.7 % compared to simulation SOFIEV-DCYCLE. This dampening of the increase in atmospheric BC concentrations for increased emissions can be attributed to the interaction of multiple aerosol microphysical and atmospheric effects. These include but are not limited to non-linear particle formation, coagulation and deposition, micro-physical cloud processes and atmospheric feedback via changes in vertical temperature profiles due to changes in aerosol concentrations and radiation. However, in the framework of this study, it is impossible to disentangle the contribution of particular processes to the overall non-linear source-receptor relationship. A comparable magnitude in damping of the atmospheric response to an increased emission release has been found by Zhang et al. (2014) within a WRF-CHEM modeling study. Note that the differences in plume heights for a doubling in FRP and emissions do not exceed 100-500 m on average for 95 % of all plumes (see Veira et al., 2015) .
Although the global mean differences in emission fluxes between AEROCOM and GFAS are only 9.2 %, the regional differences are considerably larger. For boreal regions (60-80 • N), GFAS BC emission fluxes are roughly 2 times the AEROCOM emission fluxes. In the temperate regions (20-60 • N and 20-60 • S) GFAS is about 18.8 % higher than AE-ROCOM. In the tropical source regions (20 • S to 20 • N), which dominate the global burden, AEROCOM BC emission fluxes exceed the GFAS emission fluxes by 17.9 %. Figure 2h shows large regional differences in atmospheric burden between the HAM2.2-GFAS and the HAM2.2-AEROCOM simulations applying the same plume height parametrization. These differences in BC burdens largely reflect the spatial differences in the emission inventories. Nevertheless, the mean total global BC burdens of HAM2.2-AEROCOM (0.36 ± 0.01 Tg) and HAM2.2-GFAS (0.34 ± 0.02 Tg) are very similar as a result of similar mean global emission fluxes.
The global mean BC lifetime of realistic plume height implementations ranges between 8.1 ± 0.1 days for the Table 1. SOFIEV-ORIGINAL simulation and 8.5 ± 0.2 days for the prescribed standard emission heights in HAM2.2-GFAS (see Table 2 ). For similar daytime emission heights, a doubling in wildfire emissions (simulation SOFIEV-DCYCLE vs. SOFIEV-2X-EMISSIONS-FRP) enhances the mean BC lifetime by 22.3 h. An increase in plume heights by 1.7-3.7 km for simulation HAM2.2-GFAS compared to simulation SURFACE introduces an increase in BC lifetime by about 16.3 h. Due to the GFAS emission flux factor of 3.4 applied in this study, these lifetimes are substantially larger than mean BC lifetimes of 5.9 days in ECHAM6-HAM2 shown by Zhang et al. (2012) . However, the lifetimes in our study are within the range of the AEROCOM models for which mean lifetimes of 7.1 days with a 33 % SD were found . (Fig. 3a-d 
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-GFAS).
A more detailed description of the simulation setups is provided in Table 1. are substantially lower than for the other SOFIEV simulations (see Fig. 3d ). In the tropics, a slight increase in BC concentrations is observable between 500 and 300 hPa for all SOFIEV simulations. This enhancement in tropical freetropospheric BC concentrations cannot be directly attributed to differences in emission heights which are smaller in all SOFIEV simulations compared to the HAM2.2-GFAS standard emission heights. Moreover, Fig. 2a-d show a substantial increase in BC burden in equatorial Africa for the Sofiev simulations. As the regions of increased burden coincide with Table 1. the strongest tropical convective zones, we assume that deep convection is the major process which determines the freetropospheric BC concentrations, not the emission heights.
For simulation SURFACE, a decrease in mean BC concentrations up to 25 % in the Southern Hemispheric FT is found, but the sensitivity of stratospheric BC concentrations to emission heights is very limited (relative changes < 5 %). The other extreme scenario (simulation FT) shows an upper tropospheric and lower stratospheric increase in BC concentrations by a factor of 10-100 which substantially impacts the radiative transfer (see Sect. 5). For the SOFIEV-2X-EMISSIONS-FRP scenario, the largest relative increase in BC concentrations is observable in the Southern Hemispheric upper troposphere and lower stratosphere. Simulation HAM2.2-AEROCOM (see Fig. 3h ) reflects the enhanced tropical wildfire emission fluxes in the AEROCOM emission data set compared to GFAS. As a result of the tropical convective transport, BC concentrations in the lower stratosphere are increased by 5-20 % all over the globe in the HAM2.2-AEROCOM simulation. On the other hand, the extratropical tropospheric BC concentrations are decreased by 5-25 %.
Overall Fig. 3 demonstrates that upper tropospheric and lower stratospheric BC concentrations are not very sensitive to the emission heights if realistic emission height scenarios are applied.
Total deposition rates
Wet deposition rates, dry deposition rates and sedimentation rates for BC are provided in Table 2 . A potential climate impact of BC emissions is related to the deposition of BC on snow and ice which substantially reduces the surface albedo (e.g., Dumont et al., 2014) . In this context, the question arises how strongly deposition rates in the Arctic and Antarctic depend on emission heights. Figure 4 presents the relative changes in total deposition rates for our various plume height implementations. Simulation SOFIEV-ORIGINAL reflects an increase in deposition rates in the vicinity of the major source regions due to lower emission heights. In contrast, the reduced remote deposition rates can be attributed to a decreased atmospheric long-range transport. Changes introduced by a consideration of the diurnal cycle in fire emissions (SOFIEV-DCYCLE) and a more accurate representation of high plumes (SOFIEV-MODIFIED) only marginally influence the deposition rates on the global scale. Over Antarctica, total deposition rates are decreased by 20-25 % for the SURFACE emission release compared to the HAM2.2 standard implementation. Over the glaciated areas of Greenland and the northern polar ice sheet, the reduction ranges between 10 and 20 %. However, although these changes are substantial, the known model biases in aerosol long-range transport to the Arctic, which have been found for ECHAM5-HAM1 by Bourgeois and Bey (2011) and von Hardenberg et al. (2012) , may still persist. A global doubling of emissions and fire intensity results in a southern hemispheric increase in regional deposition rates of 60-140 % (Fig. 4g) . In the Northern Hemisphere this increase is significantly smaller, because the BC release in mid-latitudes is largely dominated by anthropogenic emissions, not by wildfires.
Atmos
Comparison of model results to observations
Our temporal analysis for six biomass burning regions (see sake of clarity, the other SOFIEV simulations, which have been shown to only marginally influence parameters such as BC burden and concentrations, are not included. Likewise, the scenarios SOFIEV-2X-EMISSIONS-FRP, SUR-FACE and FT are excluded from this analysis as these simulations do not represent realistic states of present-day emission heights as well as emission inventories (Table 1) . Thus, these simulations cannot be expected to match observations. The NO-WILDFIRES scenario is used to identify regions and time periods in which wildfires significantly contribute to the overall model bias.
AERONET, MAN and MODIS
ECHAM6-HAM2 computes AOT at 550 nm for clear-sky conditions. The model calculates a separate relative humidity (RH) for the clear (RH < 100 %) and cloudy (RH = 100 %) parts of a grid box based on the grid box mean-specific humidity and the cloud fraction (see Stier et al., 2005 represents the basic seasonal and regional emission patterns. Due to the distinct differences in plume heights between HAM2.2-GFAS and SOFIEV-MODIFIED and subsequent changes in aerosol lifetime (see Table 2 ), larger AOT values can be observed for HAM2.2-GFAS, especially during the local burning season. In Siberia and boreal North America, the model performance is highly variable from year to year. While massive burning events in 2008 are captured very well by HAM2.2-GFAS and SOFIEV-MODIFIED simulations, large biases are observable for the weak burning periods in boreal North America 2006 and Siberia 2007 with negligible differences in performance between the two simulations. By implementation of the modified plume height parametrization (SOFIEV-MODIFIED), the overestimation in AOT observable for HAM2.2-GFAS over the Amazon region during 2007 can be slightly reduced for the major biomass burning season. In the western Atlantic outflow region of the central African biomass burning plumes, the model is generally less capable of capturing the magnitude and seasonality of AOT variations. Figure 7 provides Taylor plots which illustrate the model performance with regard to correlations and SD. The results show that the application of the fixed emission climatology AEROCOM is hardly able to improve the model performance compared to the NO-WILDFIRES scenario. Model runs with the GFAS emission inventory reach reasonable correlations of 0.4-0.85 depending on region and observational data set. The application of the Sofiev parametrization (SOFIEV-MODIFIED) instead of prescribed emission heights in HAM2.2-GFAS provides a moderate, but significant increase in correlation in boreal North America, Siberia and the Amazon. In the central African outflow region the biases of SD and correlation slightly increase, whereas there is no significant changes observable for temperate North America and the Congo region. Figure 8 presents multi-year monthly AOT profiles (relative vertical AOT distribution) of ECHAM6-HAM2 simulations vs. CALIOP observations for the six major biomass burning regions specified in Fig. 1 . For reasons of clarity, we limit our investigations to relative vertical AOT profiles and focus on the differences in AOT vertical profiles for prescribed (HAM2.2-GFAS and SURFACE) versus parametrized wildfire emission heights (SOFIEV-MODIFIED). In Veira et al. (2015) it has been shown that HAM2.2-GFAS overestimates plume heights by 1-2 km on average, while SOFIEV-MODIFIED offers the best plume height performance. Note that the lowest 1.5 km of all CALIOP profiles are known to include particularly high uncertainties which also impact the higher layers. Nevertheless, Fig. 8 shows that the vertical AOT patterns of CALIOP and the model simulations SOFIEV-MODIFIED, HAM2.2-GFAS and SURFACE show general agreement for boreal and temperate North America and Central Africa (Congo).
CALIOP
There is a tendency of the model to simulate higher AOT values in the extratropical FT than CALIOP (boreal North America, Siberia), but this feature is not necessarily related to shortcomings in the model, but could also be related to known underestimation of AOT for low AOT values in the CALIOP data set. Remarkably, the impact of the emission height implementation (HAM2.2-GFAS vs. SOFIEV-MODIFIED or SURFACE) is significantly smaller than the inter-annual variability and the differences between the model and CALIOP observations.
As biomass burning is seasonally varying, we further separate the analysis seasonally. coefficients of spatially and temporally averaged relative AOT profiles for simulation SOFIEV-MODIFIED compared to CALIOP. For boreal North America and Siberia, a clear seasonal cycle in the model performance is observable with the highest correlations during the major wildfire season in these regions (June to August). Thus, the major shortcomings of the model in simulating vertical AOT profiles are not primarily related to wildfire emissions as such. Simulation HAM2.2-GFAS and simulation SURFACE show largely similar seasonal patterns in correlations (not shown). More realistic plume heights in simulation SOFIEV-MODIFIED compared to HAM2.2-GFAS increase the model performance in 65 % of all cases, but the differences in correlation range only between 0.001 and 0.038. Kipling et al. (2013) investigated the sensitivity of BC burdens and vertical profiles to emission heights in the ECHAM5-HAM2 and the HadGEM3-UKCA (Hadley Centre Global Environment Model version 3 -UK Chemistry and Aerosols) model. The authors found that differences in emission heights (PBL vs. prescribed 50-3000 m) did not significantly contribute to differences in the model performance. These findings are basically in line with our results which show that substantial differences in emission heights of 1-3 km entail differences of less than 10 % in global BC burdens at least for scenarios which inject emissions neither very close to the surface nor only into the FT. On the other hand, our evaluation of different plume height parametrizations also indicates that the application of a semiempirical plume height parametrization which takes into account fire intensity as well as ambient meteorological conditions, marginally improves the overall model performance in AOT in the vicinity of the major biomass burning regions. Stein et al. (2009) also discovered a moderate improvement in model performance for the HYSPLIT (Hybrid Single Particle Lagrangian Integrated Trajectory) model by application of a simple, empirical plume height parametrization (Briggs, 1969) . Koffi et al. (2012) provided a comprehensive comparison of CALIOP AOT profiles to different model simulations including ECHAM5-HAM1. The spread of the model ensemble presented in that study is considerably larger than the impact of different emission height parametrizations in our study. The general CALIOP uncertainties in AOT profiles (e.g., Kacenelenbogen et al., 2011; Ma et al., 2013) exceed by far the uncertainties in emission heights. A minor general importance of emission heights compared to the large uncertainties in the emission inventories has also been found by Gonzi et al. (2015) for CO emissions. net forcing net solar radiative forcing net thermal radiative forcing net forcing net solar radiative forcing net thermal radiative forcing Table 1 .
Comparison to former studies
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Radiative forcing
The RF at the top of atmosphere (TOA) of wildfire emissions is analyzed to quantify the climate impact caused by different emission height representations. Here, the RF represents exclusively the radiative perturbation that is introduced by wildfire emissions (BC, OC and SO 2 ), while anthropogenic emissions are kept constant. The radiative perturbation which is attributed to direct aerosol-radiation interference is referred to as clear sky RF; the RF which also includes indirect and semi-direct effects due to aerosol-cloud interaction is referred to as total sky RF. Aerosol-induced changes in atmospheric temperature profiles are implicitly included in both RF parameters, but due to our nudging towards reanalysis data every 6 h, they are partly suppressed. Figure 10a and b visualize the total sky and clear-sky TOA RF for different plume height implementations. Global mean values for the total sky RF are also provided in Table 2 . The differences in TOA RF introduced by the differences between the SOFIEV simulations are negligible (total sky TOA RF ranges between −0.196 ± 0.056 and −0.211 ± 0.060 W m −2 ). The most realistic implementation of emission heights (simulation SOFIEV-MODIFIED) leads to a TOA RF of −0.20 ± 0.07 W m −2 and is thus slightly less negative than the standard model HAM2.2-GFAS (total sky TOA RF of HAM2.2-GFAS: −0.24±0.05 W m −2 ). The total sky TOA RF introduced by the extreme scenario of a SUR-FACE emission release is −0.16±0.06 W m −2 . Although the HAM2.2-GFAS simulation prescribes a certain emission injection into the FT for nearly all plumes, the difference in total sky TOA RF compared to the SURFACE simulation is only 0.08 W m −2 .
The FT scenario entails a positive total sky TOA RF of +0.66 ± 0.24 W m −2 (not shown in Fig. 10 ). The change in the sign of the RF in the FT simulation can be attributed to the larger BC concentrations in the upper troposphere and lower stratosphere compared to the near-surface atmospheric levels. A doubling of FRP and emission fluxes in SOFIEV-2X-EMISSIONS-FRP entails a TOA RF of −0.36±0.11 W m −2 which is nearly a doubling in the negative RF compared to SOFIEV-ORIGINAL. When the AEROCOM wildfire emissions are used (HAM2.2-AEROCOM), the total sky TOA RF is −0.25±0.06 W m −2 which is comparable to the HAM2.2-GFAS simulation. Regionally, however, we find significant differences, that compensate on the global scale. 0.17 W m −2 and ranges between the SURFACE and the HAM2.2-GFAS simulation (see Fig. 10c ). Neither the implementation of a diurnal cycle in fire emissions (SOFIEV-DCYCLE) nor a more realistic representation of deep plumes (SOFIEV-MODIFIED) alter the global surface RF by more then ±0.05 W m −2 . The same magnitude of changes in surface RF also applies for changes in the vertical distribution (SOFIEV-TOP-INJECTION). In contrast, the FT scenario causes a total sky surface RF of −7.37±1.16 W m −2 . A doubling in wildfire emissions and FRP would entail a total sky surface RF of −3.28±0.34 W m −2 which represents roughly a doubling in surface RF compared to SOFIEV-DCYCLE (−1.63 ± 0.15 W m −2 ) applying the same emission height parametrization (not shown). Similarly to the TOA RF, the impact of the choice of the emission inventory on the global surface RF (HAM2.2-AEROCOM: 1.82 ± 0.09 W m −2 ) is small. The ratio of TOA to surface RF ranges from 0.11 to 0.14 for all simulations except for the FT scenario. These similar TOA to surface RF ratios indicate that the aerosolradiation interaction within the atmosphere shows a largely linear response to moderate changes in plume heights of up to a few kilometers. In contrast, for the extreme FT scenario this largely linear response does not apply, because the absorption of solar radiation by BC particles in the stratosphere is particularly important.
Although the global RF introduced by wildfire emissions is negative for all realistic simulations, regionally, positive and negative TOA RF values are observable which exceed the global values by up to 1 order of magnitude. Global maps of the total sky TOA and surface RF introduced by wildfire emissions for the SOFIEV-MODIFIED simulation, which represents the most realistic emission height scenario, are shown in Fig. 11a and b . Maximum TOA RF positive values of up to +5 W m −2 are found over central South America, while a negative TOA RF is observable over most parts of the oceans. Although emission heights have a similar range in the Amazon region and central Africa, the TOA RF in Amazon is clearly positive while regions of positive and negative TOA RF are found in Africa. In contrast, the largest regional radiative effects at the surface are detectable in the vicinity of the African source regions, where the negative surface RF exceeds mean values of −10 W m −2 . Between scenarios SURFACE, SOFIEV-ORIGINAL, SOFIEV-DCYCLE, SOFIEV-MODIFIED and SOFIEV-TOP-INJECTION, maximum changes in surface RF introduced by changes in emission heights in the order of 1-3 W m −2 are limited to tropical Africa (not shown). In the extratropics, changes in surface RF rarely exceed ±0.5 W m −2 . In contrast, the switch from GFAS to AEROCOM emissions introduces a regional surface RF of 2-5 W m −2 in large parts of topical Africa, South America and also boreal North America. Tosca et al. (2013) compared a simulation based on GFEDv3 wildfire emissions to a zero wildfire-emission control run to estimate the net change in surface shortwave fluxes in the community Earth system model (CESM). The authors only considered a prescribed wildfire emission release at the surface. The difference in net shortwave fluxes at the surface was found to be −1.3 ± 0.2 W m −2 leading to a surface cooling of −0.13 ± 0.01 K. However, in contrast to our study, the sign of the TOA RF was positive (+0.18 ± 0.10 W m −2 ).
A strong surface RF over tropical Africa is observable in both studies, but extratropical RF patterns show larger differences. For the Oslo-CTM2 (University of Oslo chemistrytransport model) model, simulations by Myhre et al. (2009) showed also a positive TOA RF value of +0.07 W m −2 . However, Jones et al. (2007) and Unger et al. (2010) found negative TOA RF values of −0.29 ± 0.07 W m −2 in the HadGEM1 model and −0.25 W m −2 in the GISS (Goddard Institute for Space Studies) atmospheric compositionclimate model. TOA RF values simulated by our ECHAM6-HAM2 simulations lie within the range of these references, but the spread between all our realistic simulations (−0.16 ± 0.06 to −0.24±0.05 W m −2 ) is considerably smaller than the spread between the models. Presumably the differences in RF between the models are attributed to differences in transport mechanisms, removal processes and absorptivity of BC and OC, not to the emission heights. We investigated the impact of wildfire emission heights on atmospheric BC concentrations, deposition rates and radiation using the aerosol-climate modeling system ECHAM6-HAM2. In addition to extreme scenarios of pure freetropospheric and pure near-surface emission release, we implemented different versions of a simple plume height parametrization and compared the introduced changes in aerosol concentrations and radiation to simulations with prescribed HAM2 standard plume heights. In addition, a hypothetical scenario of a climate-change-induced doubling in emissions and fire intensity provided a first estimate of the relative importance of changes in total emissions and emission heights. The impact of the emission height implementation of global emission height patterns and a global evaluation of the plume height parametrization is provided by the first part of this two-paper series (Veira et al., 2015) . By comparison of our simulations to AOT observations from AERONET, MODIS and CALIOP we quantified the magnitude of improvements for climate modeling that can be expected from the implementation of a simple plume height parametrization. Based on the analysis of our results, we present the following findings:
Atmos
-The atmospheric BC burden, total deposition rates and atmospheric radiation are more sensitive to emission inventories than to the details of the emission height implementation. The application of a diurnal cycle and a model-specific tuning of the plume height parametrization do not significantly change these results.
-Upper tropospheric and lower stratospheric BC concentrations are mainly determined by emission fluxes, tropical convection and the location of the emission release, while emission heights are of limited importance.
-Future changes in emission fluxes were found to be more important than changes in emission heights.
-Considerable changes in mean plume heights of 1.1-2.5 km alter the mean annual BC deposition rates over in the Arctic and Antarctica by 5-25 % for the unrealistic scenario of prescribed emission release at the surface. Thus, BC deposition rates on snow and subsequent changes in surface albedo show only a moderate sensitivity on wildfire emission heights.
-Our comparison of modeling results to AERONET, MAN and MODIS observations indicates that the ECHAM6-HAM2 model is capable of capturing the magnitude of the AOT variability as well as the seasonality in the vicinity of the major biomass burning regions. Mean correlations of R 2 = 0.4-0.85 between simulated and observed instantaneous AOT values can be achieved for major biomass burning regions with small improvements introduced by the plume height parametrization.
-The comparison of simulated, vertically resolved AOT to CALIOP observations shows that close to the major biomass burning regions, the implementation of the semi-empirical plume height parametrization marginally increases the model performance. Nevertheless, the CALIOP measurement uncertainties by far exceed the changes in AOT profiles caused by changes in wildfire emission heights.
-The top-of-atmosphere (TOA) radiative forcing (RF) of the wildfire emissions ranges between −0.24 ± 0.05 W m −2 for standard prescribed emission heights in ECHAM6-HAM2 (25 % of the emissions injected into the FT) and −0.16 ± 0.06 W m −2 for pure surface emission release. The application of a modified version of the Sofiev plume height parametrization, which offers the best match to observations, provides a TOA RF of −0.20 ± 0.07 W m −2 and thus shows little difference to the other plume height implementations. These changes in TOA RF are small compared to the spread of the overall wildfire emission RF in other state-of-the-art climate models (−0.3 to +0.2 W m −2 ).
Based on these findings, we suggest that for current stateof-the-art climate and Earth system models, simple plume height parametrization are sufficient means to study global aerosol climate interactions. More complex and advanced plume height models might be more appropriate tools for short-term regional studies of high resolution. Applying a correction factor of 3.4 to the GFAS wildfire emission inventory, fire emission heights turned out to be of limited importance compared to emission fluxes and removal processes. The assessment of the wildfire emission height impact on global BC concentrations, burden and deposition rates demonstrates that wildfire emission heights constitute only a second-order source of uncertainty. The known biases of global aerosol-climate models such as the improper representation of height-dependent aerosol-cloud interactions will persist even though emission heights are more appropriately represented.
